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We have used a sensitive assay for MAP kinase activity to investigate the role of endogenous ®broblast growth factor
(FGF)-activated MAP kinase in early Xenopus embryonic patterning. MAP kinase activity is low during cleavage stages
and increases signi®cantly during gastrulation. The temporal pro®le of this activity correlates well with the expression
pattern of Xenopus eFGF. Spatially, MAP kinase activity is lowest in animal pole tissue and higher in vegetal pole cells
and the marginal zone. Endogenous MAP kinase activity is FGF receptor-dependent, demonstrating that FGF signaling is
active in all three germ layers of the early embryo. This activity is necessary for normal expression of Mix.1, a meso-
endodermal marker, in the endoderm as well as in the mesoderm, indicating that MAP kinase plays a functional role in
patterning of both of these germ layers. Spatial and temporal changes in MAP kinase activation during gastrulation also
suggest a role for FGF signaling in this process. In addition, we ®nd that embryonic wounding during dissection results in
signi®cant stimulation of this pathway, providing a possible explanation for earlier observations of effects of surgical
manipulation on cell fate in early embryos. q 1997 Academic Press
INTRODUCTION in inducing the full range of mesodermal tissues, it is not
yet clear which members of this family serve this function
endogenously. Activin A and activin B, two of the best char-The process of mesoderm induction was ®rst described
acterized and most potent mesoderm inducers in animal capby P. D. Nieuwkoop in experiments in which explants of
assays, have not been shown to be present in early embryosblastula prospective ectoderm (animal caps) were induced
(Thomsen et al., 1990; Dohrmann et al., 1993). Activin D,to form mesoderm by coculture with prospective endoderm
a recently described isotype, is expressed during early Xeno-from the vegetal pole (Nieuwkoop, 1969; Sudarwati and
pus development (Oda et al., 1995); although it is a lessNieuwkoop, 1971). Since then it has been demonstrated
potent mesoderm inducer than activin A or B, this is whatthat members of the ®broblast growth factor family (FGF)
might be expected of a growth factor responsible for theand members of the TGF-b superfamily can mimic the vege-
induction of ventral as well as dorsal mesodermal subtypes.tal pole signal when added to Xenopus animal caps (Slack
Transcripts for another TGF-b family member, Vg-1, areet al., 1987; Kimelman and Kirschner, 1987; Asashima et
localized in the prospective endoderm in early embryosal., 1990; Smith et al., 1990; Sokol et al., 1990). One inter-
(Weeks and Melton, 1987). Experiments with a chimericpretation of these experiments is that prospective meso-
Vg1, which is ef®ciently processed in vivo, demonstratederm is absent in morula embryos and is subsequently in-
that Vg-1 has potent mesoderm inducing abilities (Thomsenduced in the equatorial zone via interactions with the un-
and Melton, 1993; Dale et al., 1993), but mature processedderlying vegetal mass, a presumed source for TGF-b and/or
Vg-1 protein has yet to be detected endogenously prior toFGF-like signals (Slack and Tannahill, 1992; Kimelman et
gastrulation (Tannahill and Melton, 1989).al., 1992).
Two members of the ®broblast growth factor family, basicAlthough members of the TGF-b superfamily are potent
FGF (bFGF) and Xenopus eFGF (XeFGF), are present in early
embryos during mesoderm-formation stages, making them
candidates for endogenous inducers (Slack et al., 1987; Ki-1 Current Address: Division of Biology, California Institute of
melman et al., 1988; Isaacs et al., 1992). bFGF transcriptsTechnology, Pasadena CA 91125.
2 Corresponding Author are uniformly distributed in all three germ layers, but as
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bFGF protein lacks a signal sequence, the mechanism by predicted by this model, FGF signals are normally excluded
from the prospective endoderm. In order to understand thewhich it could participate in cell±cell signaling events re-
mains unclear (Kimelman et al., 1988). XeFGF is most re- complex interplay between different growth factors in the
early embryo, it is critical to be able to directly measurelated to FGF 4 and 6, and like these factors is ef®ciently
secreted. It is expressed maternally, and transcription of it when and where their signaling pathways become activated
endogenously.increases signi®cantly during gastrulation when it becomes
enriched on the dorsal side of the embryo. As gastrulation It has previously been demonstrated that activation of
MAP kinase, a downstream component of FGF signaling,proceeds, XeFGF is expressed in a complete circle above the
blastopore (Isaacs et al., 1992). is both necessary and suf®cient for mesoderm formation
(LaBonne et al., 1995; Gotoh et al., 1995; Umbhauer et al.,Experiments with dominant inhibitory growth factor re-
ceptors have demonstrated that members of the TGF-b su- 1995). Here we demonstrate that endogenous MAP kinase
activity can be speci®cally and sensitively measured inperfamily and FGF family are required for mesoderm forma-
tion in vivo (Amaya et al., 1991, 1993; Hemmati-Brivanlou whole embryos and explants, and that this activity is FGF
receptor-dependent. We have used this activity as a sensi-and Melton, 1992). FGF does not appear to play a suf®cient
role in mesoderm formation endogenously, however, as em- tive marker of where and when FGF signaling is active en-
dogenously during early development. Low levels of MAPbryos overexpressing a dominant inhibitory activin receptor
lack mesoderm despite retaining a functional FGF-signaling kinase activity are detected maternally during cleavage
stages, and these levels are found to increase signi®cantlypathway (Hemmati-Brivanlou and Melton, 1992). Instead,
as overexpression of a dominant inhibitory FGF receptor prior to and during gastrulation. Blastula-stage explants of
marginal zones and vegetal bottoms have comparable levelshas been found to inhibit mesoderm induction in response
to activin or Vg-1, FGF appears to play a essential role in of FGF receptor-dependent MAP kinase activity; it therefore
appears unlikely that FGF plays a role in excluding mesoder-the competence of cells to respond to activin-like mesoderm
inducing signals (LaBonne and Whitman, 1994; Cornell and mal gene expression from the prospective endoderm. We
also ®nd that embryonic wounding leads to signi®cant stim-Kimelman, 1994; Schulte-Merker et al., 1994).
Components of the FGF signal transduction pathway re- ulation of FGF signaling over endogenous levels, and that
under some conditions this ectopic activation can be suf®-quired for its mesoderm-inducing ability have been eluci-
dated, and, as has been found for the dominant inhibitory cient to activate mesodermal gene expression. We propose
that endogenous MAP kinase activation by FGF plays a roleFGF receptor, blocking this pathway by inhibiting the func-
tion of RAS, RAF, MEK, or MAP kinase also inhibits ac- in establishing the competence of all three prospective germ
layers to respond to early inductive signals, and that ectopictivin-mediated mesoderm induction (Whitman and Melton,
1992; LaBonne and Whitman, 1994; LaBonne et al., 1995; activation of MAP kinase by surgical manipulation may
under some circumstances modify the developmental fateGotoh et al., 1995; Umbhauer et al., 1995; Northrop et al.,
1995). In addition, overexpression of constitutively acti- of manipulated cells.
vated mutants of any of these signal transducers is suf®cient
to induce mesodermal markers in animal pole cells (Whit- MATERIALS AND METHODS
man and Melton, 1992; MacNicol et al., 1993; LaBonne and
Embryo ManipulationsWhitman, 1994; LaBonne et al., 1995; Gotoh et al., 1995).
Critical targets downstream of activated MAP kinase in Embryos were collected from Xenopus laevis females and fertil-
early embryos remain to be identi®ed. MAP kinase is ized as previously described (Newport and Kirschner, 1982). Fertil-
known to phosphorylate cytoskeletal targets, which are po- ized eggs were kept in 3% Ficoll/1.01MMR for microinjection and
then transferred to 0.11 MMR for culturing. Injection was carriedtential regulators of cell shape and motility, as well as to
out in both blastomeres at stage 2, in the animal pole, the vegetaltranslocate to the nucleus where it can phosphorylate and
pole, or the marginal zone as noted in the text. The truncated typeregulate members of a number of transcription factor fami-
1 FGF receptor (Amaya et al., 1991) in the plasmid pCS2 (Turnerlies (Blenis, 1993; Triesman, 1996).
and Weintraub, 1994) was linearized with NotI and transcribedWhy activin and Vg-1 require an FGF signal in order to
with SP6 polymerase. Embryos were injected with 10±15 nl ofinduce a full spectrum of mesodermal responses is unclear.
synthetic mRNA resuspended at a concentration of 0.2 ng/ml.
It has recently been suggested that this requirement may Staging of embryos is according to Nieuwkoop and Faber (1967).
help to de®ne the endo-mesodermal boundary in the em- All dissections were performed in 1.01 MMR. Where noted, solu-
bryo (Cornell et al., 1995). The model presented by these tions were precooled to 07C, and dissections were carried out in
authors proposes that the activin-like signaling presumed dishes resting on a tray of ice. When large numbers of animal caps
or vegetal bottoms were explanted for kinase assays, small numbersto be present in vegetal pole cells does not lead to mesoder-
were dissected and lysed in batches to limit the time betweenmal gene expression in the prospective endoderm because
dissection and lysis.vegetal pole cells lack the required FGF cosignal, while the
presence of FGF signaling in the adjacent mesodermal man-
Preparation of STAT-3 Substratetle permits mesodermal gene expression in these cells in
response to activin-like signals emanating from the vegetal A plasmid containing the C-terminus of STAT-3 (amino acids
677±750) fused to glutathione S-transferase (GST) (between BamHIpole. There has, however, been no direct test of whether, as
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and EcoRI sites of GST-4T1) was a kind gift of J. K. Chung and John annealing temperature of 557C and 25 cycles. Primer pairs utilized
have been described previously (LaBonne and Whitman, 1994).Blenis (Harvard Medical School). An overnight culture of bacteria
transformed with this plasmid was diluted 1:20 in LB media con-
taining 200 mg/ml ampicillin and incubated at 377C for 3±4 hr with
vigorous shaking. Expression of the fusion protein was induced
RESULTSwith 0.1 mM IPTG, and incubation was continued for an additional
2±3 hr. Bacteria were harvested by centrifugation, resuspended in
PBS/100 mM EDTA/1% Triton X-100/1 mM DTT/PMSF and lysed Sensitive Detection of MAP Kinase Activity in
by sonication. The lysate was centrifuged to remove cellular debris, Early Embryos
and the supernatant was incubated with preswollen glutathione
agarose beads (Sigma), with rocking, for 1 hr at 47C. Beads were As it has been demonstrated that MAP kinase is an obli-
washed three times in lysis buffer, twice in PBS/1 M NaCl/1% gate component of FGF-mediated mesoderm induction,
Triton X-100/PMSF, and once in PBS. Protein was eluted with which is itself suf®cient to activate mesodermal markers,
freshly made 20 mM Tris, pH 8.0/150 mM NaCl/20 mM reduced MAP kinase activity should be a useful tool for investigat-
glutathione. Free glutathione was removed by dialysis against 20 ing endogenous FGF signaling. Previous attempts to mea-
mM Hepes, pH 7.2/10 mM MgCl2/50% Glycerol. The STAT3-GST sure endogenous MAP kinase activity have utilized whole
protein was stored at 0207C.
embryo crushates or in-gel kinase assays using relatively
nonspeci®c peptides as substrates (Hartley et al., 1994;
Graves et al., 1994). The resulting measurements have beenImmune Complex Kinase Assays
of limited sensitivity due to the background activity ob-
Embryos or explants were lysed in 200 ml of extraction buffer served in preimmune samples, and therefore the results
containing 20 mM Hepes, pH 7.5/1 mM MgCl2/1 mM EGTA/1 have been dif®cult to interpret. Recently the C-terminalmM DTT/1 mM Na vanadate/1 mM Na molybdate/100 mM b-
portion of STAT-3 has been demonstrated to be a highlyglycerophosphate/PMSF. The protein concentration in 5 ml of lysate
speci®c MAP kinase substrate (Chung et al., submitted).was measured using a standard Bradford reagent assay (Bio-Rad)
STAT-3 is phosphorylated on serine 727 by activated MAPand for each sample equivalent OD units of lysate were diluted to
kinase in vivo and in vitro, but is not substantially phos-300 ml with extraction buffer. Following addition of 4 ml of MAP
kinase antiserum (kind gift of Rebecca Hartley and James Maller), phorylated by the ERK-related kinases p38 and JNK. Indeed,
samples were incubated on ice for 2 hr. Fifteen microliters of BSA- STAT-3 appears to be a substantially better substrate for
blocked protein A±Sepharose beads were then added to each sam- MAP kinase than other previously reported substrates in-
ple, and incubation was continued at 47C with rocking for 1 hr. cluding RSK and MBP. We have used this STAT-3 peptide
Beads were washed 21 with 20 mM Tris, pH 7.4/5 mM EDTA/100 as a substrate in immune complex kinase assays, following
mM NaCl/1% Triton X-100, 21 with 20 mM Tris, pH 7.4/5 mM
immunoprecipitation of native, active kinase with a MAPEDTA/1 M NaCl/1% Triton X-100, and 21 with kinase buffer (20
kinase-speci®c antibody. In this way we can sensitively de-mM Hepes, pH 7.5/15 mM MgCl2/1 mM EGTA/1 mM DTT/1 mM
tect and measure endogenous MAP kinase activity. We ®ndNa vanadate/1 mM Na molybdate/100 mM b-glycerophosphate/
that preimmune complexes from blastula stage embryosPMSF. Kinase reactions were carried out in 30 ml of kinase buffer
possess no detectable STAT-3 kinase activity, while a signalcontaining 0.2 mM ATP and 20±200 mCi [32Pg]ATP and 2 ml of
STAT-3-GST substrate. is detected in anti-MAP kinase immune complexes at all
stages examined (Fig. 1A). This activity is MAP kinase, be-
cause it is greatly diminished in embryos in which the MAP
Western Blots kinase phosphatase MKP-1 has been overexpressed (La-
Bonne et al., 1995). Low residual MAP kinase activity isEmbryos or explants were lysed in 200 ml of extraction buffer,
probably due to cells which did not receive the injectedand the protein concentration in 5 ml of lysate was measured using
a standard Bradford reagent assay (Bio-Rad). Laemmli loading buffer mRNA.
was added to 11 and samples were electrophoresed on 10% SDS The sensitivity and speci®city of this assay appears to be
gels. Gels were transferred to nitrocellulose, blocked with casein, signi®cantly greater than those utilized previously in re-
and incubated overnight in MAP kinase antiserum (gift of John lated experiments (Graves et al., 1994; Hartley et al., 1994;
Blenis) diluted 1:1000 in 11 TBS. Membranes were washed three Gotoh et al., 1995). For example, immune complex kinase
times for 15 min in 11 TBST and incubated in either 125I-labeled
assays using the relatively nonspeci®c kinase substrate, my-protein A or HRP-conjugated anti-rabbit antibodies diluted in TBS
elin basic protein, found only a 2-fold increase in activityfor 1 hr at room temperature. Following washes as above, blots were
at early gastrula stages over the fairly high levels obtainedeither exposed to ®lm directly (protein A) or following development
with preimmune serum alone (Gotoh et al., 1995). Whenwith chemiluminescent reagents (HRP).
STAT-3 is used as a substrate, we ®nd a greater than 30-
fold increase over our preimmune sample at this stage. The
RT-PCR Analysis greater speci®city of this substrate may only partially ac-
count for the improved sensitivity of the assay, however,Total RNA was isolated from whole embryos, and ®rst-strand
as a different anti-MAP kinase antibody has been used incDNA was synthesized as previously described (LaBonne and Whit-
the present study as well.man, 1994). PCR reactions were carried out in 25-ml reaction vol-
umes in the presence of trace amounts of a-[32P]dCTP using an We ®nd that a low but detectable amount of MAP kinase
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activity is present during early cleavage stages, and that
this level is slightly increased by pre-mid-blastula transition
(MBT) blastula stages. After MBT, the time at which zygotic
transcription begins, there is a more dramatic increase in
activity which peaks at mid-gastrula stages and then de-
clines (Fig. 1A). This increase in kinase activity is not due
to an increase in MAP kinase protein expression, as Western
blot analysis of the same lysates demonstrates that similar
amounts of MAP kinase are present at all of these stages
(Fig. 1B). The increase in MAP kinase activity at post-MBT
stages does appear to require new protein synthesis, how-
ever. When embryos are treated at stage 7 with 5 mg/ml
cycloheximide to inhibit translation (Cascio and Gurdon,
1987), the increase in MAP kinase activity noted at post-
MBT stages is lost (Fig. 1C). It has previously been demon-
strated using less-sensitive assays that treatment of animal
caps with activin does not elicit increases in MAP kinase
activity at assay times up to 30 min posttreatment, the
minimum amount of time required for changes in immedi-
ate early gene expression (LaBonne and Whitman, 1994;
Graves et al., 1994; Hartley et al., 1994, and data not
shown). We ®nd that this is also true when MAP kinase
activity is examined using immune complex kinase assays
with STAT-3 as a substrate. Embryos injected at the 1-cell
stage with activin mRNA show no increase in MAP kinase
activity at mid-blastula stages, but a signi®cant increase is
noted by late blastula stages (Fig. 1D). This may be due to
an increase in XeFGF expression, as this factor is expressed
in response to activin treatment in animal cap assays (Issacs
et al., 1994). Similarly, overexpression of a dominant inhibi-
tory version of the type IIB activin receptor results in a
decrease in endogenous MAP kinase activity at late blastula
stages, perhaps by inhibiting the mesoderm-dependent FIG. 1. Detection of endogenous MAP kinase activity during early
XeFGF expression (Fig. 1D). developmental stages. (A) Equal numbers of embryos from each indi-
cated stage were lysed in extraction buffer, immunoprecipitated with
MAP kinase speci®c antiserum or preimmune serum (P), and assayed
Activation of MAP Kinase by Dissection for STAT-3 kinase activity. (Bottom) Kinase assay with increased [32P]-
ATP to illustrate activity at early cleavage stages. Preimmune precipi-Having shown that we can sensitively detect endogenous
tates are from stage 10 embryos. Lysates from embryos injected withMAP kinase activity at blastula stages, we examined
MKP-1 lack STAT-3 kinase activity, demonstrating the speci®city of
whether regional differences in MAP kinase activity exist the assay. (B) Western blot analysis of samples used for kinase assays
within the blastula. Stage 9 blastulae were dissected into demonstrates that the changes in MAP kinase activity noted in (A) are
animal, marginal, and vegetal regions (Fig. 2A). The size of not due to differences in the amount of MAP kinase protein present.
explanted animal and vegetal cap regions was kept to a (C) The increase in MAP kinase activity noted at post-MBT stages is
minimum to ensure that they did not contain marginal zone protein synthesis dependent. Embryos were cultured in the presence
or absence of 5 mg/ml cycloheximide beginning at stage 7 and werematerial. Consequently, dissected marginal zone regions
harvested at stage 9 for immune complex kinase assays. (D) Activincontained considerably more tissue than either animal or
overexpression leads to increases in endogenous MAP kinase activityvegetal regions. To control for this, dissected pieces were
at late but not early blastula stages. Embryos injected with activin bBlysed in extraction buffer and aliquots were compared for
mRNA at the one cell stage were cultured to stage 8 or stage 9.5 andtotal protein concentration using a standard Bradford assay.
harvested for immune complex kinase assays. (C) Uninjected controls,
Extracts normalized for total cellular protein were found to (A) activin injected, (DR) dominant inhibitory activin receptor injected.
contain similar amounts of total MAP kinase protein (not
shown). Equivalent amounts of protein from each sample
were then immunoprecipitated with MAP kinase speci®c
antiserum or preimmune serum. Following stringent to contain comparable amounts of MAP kinase activity, and
these levels were several-fold higher than those found inwashes, immune complexes were assayed for STAT-3 ki-
nase activity. animal cap explants (Fig. 2A). Surprisingly, however, the
sum of these levels was found to be higher than those mea-At stage 9, vegetal and marginal zone explants were found
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samples were standardized for total protein. Again it was
found that the activity present in the sum of the parts was
greater than the activity present in whole embryos (Fig. 2B).
This suggested that the process of dissecting the embryos
was resulting in the activation of MAP kinase to levels
above those present endogenously.
The observed increase in activity could be due to the
release of peptide growth factors following tissue wounding.
As MAP kinase is an obligate component of the signal trans-
duction pathway utilized by FGF during mesoderm induc-
tion (Gotoh et al., 1995; LaBonne et al., 1995; Umbhauer
et al., 1995), we examined whether the observed increase
in MAP kinase activity was FGF dependent. Two-cell stage
embryos were microinjected in the vegetal pole of both cells
with mRNA encoding a dominant inhibitory version of the
type 1 FGF receptor (Amaya et al., 1991). Embryos were
allowed to develop to stage 9, when vegetal pole tissue from
injected and uninjected embryos were explanted, lysed, and
standardized for total protein. Comparable amounts of pro-
tein were immunoprecipitated with MAP kinase antibodies
and subsequently assayed for STAT-3 kinase activity. The
levels of MAP kinase activity present in explants expressing
the dominant inhibitory FGF receptor were greatly reduced
compared to those in uninjected explants (Fig. 2C), demon-
strating that, at least in the vegetal pole, the MAP kinase
activity present is FGF dependent. This suggests that there
is suf®cient endogenous FGF receptor ligand present in the
vegetal hemisphere to produce a robust FGF signal in re-
sponse to dissection. These data do not address, however,
FIG. 2. Spatial localization of MAP kinase activity at blastula to what extent FGF signaling is active in this tissue endoge-
stages. (A) Schematic of dissection carried out on blastula stage
nously.embryos. Explants from stage 9 embryos dissected as in (A) were
To accurately determine the endogenous levels of MAPlysed in extraction buffer, standardized for total protein, immuno-
kinase activity in different regions of the blastula, and inprecipitated with MAP kinase-speci®c antibodies, and assayed for
order to examine the consequences of ectopic activation ofSTAT-3 kinase activity. Note that the average of animal (A), mar-
MAP kinase during embryonic dissection it was ®rst neces-ginal (M), and vegetal (V) samples exceeds activity in whole embryo
samples (W). (P) preimmune. (B) Stage 9 embryos were dissected sary to determine conditions under which dissection-in-
into animal, marginal, and vegetal regions and lysed as one sample duced increases in MAP kinase activity would not occur.
(AMV) undissected samples (W) were lysed in parallel. Samples As ligand-dependent receptor activation can often be inhib-
were standardized for total protein and assayed for STAT-3 kinase ited at 47C, we hoped that dissection under such conditions
activity. (C) Embryos were injected vegetally at the two-cell stage might maintain endogenous enzymatic activity at predis-
with mRNA coding for a dominant inhibitory FGF receptor. Vegetal
section levels. Toward this end, we repeated the experimentbottoms were explanted from injected and uninjected embryos as
in Fig. 2B, this time comparing samples which had beendepicted, standardized for total protein, and assayed for STAT-3
dissected at room temperature to those which had beenkinase activity.
dissected at 47C. Again we found that embryos which had
been cut into thirds at room temperature prior to lysis had
signi®cantly more active MAP kinase than did undissected
control embryos. When dissection was carried out at 47C,sured in undissected whole embryos of the same stage (Fig.
2A). As whole embryo extracts were standardized to contain however, cut and uncut embryos displayed equivalent lev-
els of MAP kinase activity (Fig. 3). Uncut control embryosprotein levels equivalent to those present in the dissected
samples, differences in MAP kinase protein levels could not held at 47C during dissection displayed levels of MAP kinase
activity comparable to whole embryos maintained at roomexplain the discrepancy in MAP kinase activity. In order to
more directly compare the relative MAP kinase activities temperature (Fig. 3, lanes 1 vs lane 3), indicating that cool-
ing did not affect predissection levels of endogenous MAPpresent in dissected and undissected embryos, stage 9 em-
bryos were dissected into animal, marginal, and vegetal re- kinase activity.
To test whether this dissection-induced MAP kinase acti-gions and the explants were pooled and lysed as one sample.
The same number of undissected embryos were lysed sepa- vation might have signi®cant consequences in a standard
mesoderm induction assay, we next examined the levels ofrately for immune and preimmune samples, and all three
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of mesodermal markers would be least likely to occur in
this tissue. To test this, small and large animal caps (Fig.
4A) were dissected from stage 8.5 (mid-late blastula) em-
bryos and cultured to early gastrula stages (stage 10), when
they were harvested for RT-PCR analysis. As expected,
small animal caps dissected from blastulae and cultured in
isolation did not express Xbra, an immediate early mesoder-
mal response gene (Smith et al., 1991), when assayed at
FIG. 3. Dissection at 47C eliminates wound-induced MAP kinase
activation. Stage 9 embryos were dissected into animal (A), mar-
ginal (M), and vegetal (V) pieces and lysed as one sample (AMV).
Embryos were dissected at room temperature (RT) or on ice in 1.01
MMR precooled to 47C. Whole embryos (W) at RT or 47C were
lysed in parallel. Samples were standardized for total protein immu-
noprecipitated with MAP kinase speci®c antiserum and assayed
for STAT-3 kinase activity. The sample lysed for precipitation with
preimmune serum (P) is from embryos dissected at RT. Dissection
at 47C prevents wounding-induced activation of MAP kinase.
MAP kinase activity present in animal caps dissected under
conditions that lead to ectopic activation (room tempera-
ture) or that prevent ectopic activation (47C). When animal
caps were dissected on ice in precooled solutions, the levels
of kinase activity present in these caps were below what
could be detected using these assay conditions (Fig. 4C, lane
1). In contrast, the same amount of total protein from ani-
mal caps dissected at room temperature displayed low but
signi®cant levels of MAP kinase activity (Fig. 4C). MAP
kinase activity was found to increase rapidly after dissection
and remained at elevated levels for over 60 min (not shown).
The increase in MAP kinase activity observed in explanted
animal caps is most likely due to FGF release upon
wounding, as no MAP kinase activity is observed in animal
caps overexpressing a dominant inhibitory FGF receptor
(Fig. 4C).
As dissection-induced MAP kinase activation is FGFR
dependent, and as activation of MAP kinase has been dem-
onstrated to be suf®cient for activation of mesodermal
markers (Gotoh et al., 1995; LaBonne et al., 1995; Umb-
FIG. 4. Dissection-induced MAP kinase activation can lead to
hauer et al., 1995), it seemed possible that embryonic dis- Xbra expression. (A) Schematic of large (L) and small (S) animal
section itself could lead to ectopic expression of mesoder- caps from blastula stage embryos. (B) Small animal caps (S) were
mal markers. Indeed, such a phenomenon had been pre- dissected at stage 9, small and large animal caps were dissected at
viously noted in the course of experiments examining the stage 9 and cut into quarters (S* and L*). All caps were cultured in
1.01 MMR until stage 10 when they were harvested for RT-PCRregionalization of the marginal zone (Dale and Slack, 1987).
analysis. EF1a serves as an internal loading control. Xbra expres-In these experiments, a higher incidence of muscle forma-
sion is seen weakly in S* and more strongly in L*. (C) Small animaltion was noted in ventral-half embryos which were ®rst
caps dissected at 47C (lane 1), small animal caps dissected at roomdissected into animal and vegetal regions and then recom-
temperature (RT) (lane 2), and small and large animal caps dissectedbined than in ventral-half embryos that were cultured in-
at room temperature and then quartered (lanes 3 and 4) were lysedtact, indicating that the process of dissection can indeed
in extraction buffer, standardized for total protein, immunoprecipi-
alter cell fate. Animal cap explants are among the most tated with MAP kinase-speci®c antiserum, and assayed for STAT-
common dissection procedures carried out on early em- 3 kinase activity. Dissection induced increases in MAP kinase ac-
bryos; however, animal cap explants also produce the lowest tivity were due to increases in FGF signaling as they are absent in
levels of ectopic MAP kinase activation following dissec- animal caps overexpressing a dominant inhibitory FGF receptor
(/XFD).tion (Fig. 2). We expected, therefore, that ectopic activation
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early gastrula stages (Fig. 4B). This correlates with the rela-
tively low levels of dissection-mediated MAP kinase activa-
tion observed in such caps (Fig. 4C). When animal caps were
subjected to additional damage by quartering them prior to
lysis, measured levels of MAP kinase activity were found
to increase more than 10-fold (Fig. 4C). This increase in
MAP kinase activity correlates with a low level induction
of Xbra expression under these conditions (Fig. 4B). This
Xbra expression appeared to be transient, however, as it was
not observed when caps were harvested at stage 12 (not
shown). When large animal caps were dissected, quartered,
and cultured under the same conditions, expression of Xbra
was both stronger (Fig. 4B) and maintained (data not shown).
Note that even these larger caps did not contain prospective
mesoderm, unless subjected to the additional wounding,
and subsequent MAP kinase activation associated with
quartering. Interestingly, when the MAP kinase activity im-
munoprecipitated from quartered large caps which had been
standardized for total protein was measured, it was not
found to differ signi®cantly from levels observed in simi-
larly treated small caps (Fig. 4C). This suggests that the
increased Xbra expression noted in large caps in Fig. 4B may
FIG. 5. MAP kinase activity is present in all three germ layers atbe due to cooperation with factors which do not activate
blastula stages. (A) Stage 7.5 and stage 9 embryos were dissectedMAP kinase and which may be present at higher levels in
into animal (A), marginal (M), and vegetal (V) pieces as depicted incells more proximal to the marginal zone.
Fig. 2A and dissected on ice in solutions precooled to 47C. Whole
embryos of the same stage were cooled to 47C and lysed in parallel.
Lysates were standardized for total protein, immunoprecipitatedMeasurement of Regional Distribution of
with MAP kinase speci®c antiserum and assayed for STAT-3 kinaseEndogenous MAP Kinase Activity
activity. Active MAP kinase is found in animal, marginal, and vege-
The experiments in Figs. 3 and 4 demonstrate that if dis- tal regions. (B) Embryos were injected with mRNA for a dominant
section is carried out at 47C, the endogenous levels of MAP inhibitory FGF receptor and vegetal bottoms were explanted at
kinase activity present in different regions of the embryo stage 9. Explants were lysed in extraction buffer, standardized for
total protein and assayed for STAT-3 kinase activity. MAP kinasecan be preserved and accurately compared. They also dem-
activity present in vegetal bottoms is FGF receptor dependent. (C)onstrated that endogenous levels of MAP kinase activity
Vegetal bottoms were explanted at stage 9.5 from uninjected em-were low compared to the levels induced by dissection.
bryos or embryos injected with mRNA encoding dominant inhibi-Consequently, the sensitivity of the assay needed to be im-
tory FGF receptor and harvested for RT-PCR analysis with primersproved, both by increasing the amount of total protein added
speci®c for EF1 alpha and Mix.1.to immunoprecipitations and by increasing the amount of
labeled ATP in the kinase reactions, if low endogenous sig-
nals were to be detected. To examine actual endogenous
levels of activity, approximately 100 animal caps, 130 vege- excluded from the vegetal pole of the embryo. It was there-
fore of interest to determine if the endogenous MAP kinasetal bottoms, and 35 marginal zones were dissected at 47C
from stage 7.5 or stage 9 embryos and were standardized activity present in vegetal bottoms was FGF receptor depen-
dent (Cornell et al., 1995). Embryos were injected vegetallyfor total protein against whole embryos of the same stage.
Following immunoprecipitation and stringent washes, im- with mRNA encoding the dominant inhibitory FGF recep-
tor in both cells at the 2-cell stage and allowed to developmune complexes were assayed for STAT-3 kinase activity
in the presence of 200 mCi of g-[32P]ATP, representing a 30- until stage 9. Vegetal bottoms were explanted on ice from
receptor-injected and uninjected embryos, standardized forfold increase in speci®c activity relative to previous experi-
ments. At early blastula stages, activity measured in mar- total protein and immunoprecipitated with MAP kinase-
speci®c antibodies (Fig. 5B). As was found for dissection-ginal zones and vegetal bottoms were comparable and sev-
eral-fold higher than the barely detectable signal in animal mediated MAP kinase activation, endogenous MAP kinase
activity present in immune complexes from dominant in-caps (Fig. 5A, stage 7). By stage 9, levels of MAP kinase
activity had increased in all regions of the blastula. Animal hibitory FGF receptor injected embryos was greatly reduced
relative to control embryos. This demonstrates that the veg-caps contained the lowest levels of activated MAP kinase.
Levels observed in vegetal bottoms were consistently higher etal pole MAP kinase activity is due to FGF receptor activ-
ity. The residual MAP kinase activity noted in vegetal bot-than those in the marginal zone (Fig. 5A, stage 9).
It has been proposed that FGF signaling may normally be toms from dominant inhibitory receptor-injected embryos
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case, dorso-ventral differences in MAP kinase activity
might be more dramatic at earlier stages. Accordingly, the
experiment was repeated at stage 10/, when bottle cells are
visible but no lip has yet formed. At this stage MAP kinase
activity was found to be several-fold higher on the dorsal
side of the embryo (Fig. 6). Indeed, this difference was al-
ready measurable at stage 9.5, before any external evidence
of gastrulation could be observed (not shown). By stage 11,
MAP kinase activity was fairly equal in both dorsal and
ventral regions (Fig. 6). This activity may represent XeFGF
activity, as it correlates closely with the dorso-ventral ex-
pression of this gene in the marginal zone (Isaacs et al.,
1992, 1994). As it has been proposed that XeFGF may play
a role in the cell movements and shape changes which un-
derlie gastrulation (Isaacs et al., 1994), the observation that
MAP kinase activation precedes lip formation on both the
FIG. 6. Increases in MAP kinase activity precede blastopore lip dorsal and ventral sides of the embryo suggest that XeFGF-
formation. Gastrula stage embryos were dissected into dorsal (D) dependent MAP kinase activation could mediate these ef-
and ventral (V) halves as depicted at stages 10, 10.5, and 11. Dissec- fects.
tions were performed on ice in solutions precooled below 07C. Ly-
sates from dorsal and ventral half embryos were standardized for
total protein with same stage control embryos (W) and immunopre-
cipitated with MAP kinase speci®c antiserum and assayed for DISCUSSION
STAT-3 kinase activity.
Temporal and Spatial Distribution of MAP Kinase
Activity in Early Embryos
FGF-dependent activation of MAP kinase has previouslymay result from nonuniform distribution of the injected
mRNA. Consistent with a role for MAP kinase signaling in been demonstrated to be both necessary and suf®cient for
mesoderm induction, and as such it is a useful marker ofthe prospective endoderm, expression of a meso-endoder-
mal marker normally expressed in vegetal bottoms, Mix-1, endogenous FGF activity. In this report we examine the
spatial and temporal distribution of MAP kinase activityis inhibited in vegetal bottoms overexpressing a dominant
inhibitory FGF receptor (Fig. 5C). This is consistent with within the early embryo in order to gain insight into the
role of FGF during mesoderm induction and axial pat-results obtained previously with mesoderm inducing factors
in animal cap assays (Labonne and Whitman, 1994; Huang terning. Using a highly sensitive immune complex kinase
assay, we ®nd that MAP kinase activity is low during earlyet al., 1995). Endogenous MAP kinase activity in animal
caps and marginal zones is also FGF receptor dependent (not cleavage stages and increases signi®cantly during gastrula-
tion. Interestingly, this is not unlike the expression patternshown).
of one member of the FGF family, XeFGF (Isaacs et al.,
1992, 1994). The increase in MAP kinase activity noted at
FGF-Dependent MAP Kinase Activity at post-MBT stages is dependent upon protein synthesis, as it
Gastrulation fails to occur in embryos which have been treated with
cycloheximide. This is not surprising as this treatmentIn addition to its role in mesoderm formation, FGF signal-
ing is also thought to be required for gastrulation (Isaacs et would prevent zygotic expression of XeFGF. Like XeFGF
expression, gastrula stage MAP kinase activity is initially,al., 1994). As MAP kinase activity is regionally localized in
blastulae, and as it increases signi®cantly at gastrula stages, but transiently, concentrated on the dorsal side of the em-
bryo. As gastrulation proceeds, MAP kinase activity be-it was of interest to determine whether this increase was
uniform throughout the embryo, or also displayed regional comes more evenly distributed across dorsal and ventral
regions. Similarly, by mid-gastrula stages XeFGF is ex-localization. Prechilled embryos were dissected on ice into
dorsal and ventral halves, lysed, and standardized for total pressed in a ring around the blastopore. Our results suggest
that XeFGF expression and activation of MAP kinase mayprotein with undissected embryos of the same stage. Im-
mune complex kinase assays indicated that at stage 10.5, precede involution in both dorsal and ventral regions, sug-
gesting that FGF signaling could play a role in this process.MAP kinase activity was slightly higher on the dorsal side
of the embryo than on the ventral side (Fig. 6). As it has Consistent with this, when a dominant inhibitory FGF re-
ceptor is overexpressed in the vegetal pole, dorsal lip forma-been reported that XeFGF is initially enriched dorsally be-
fore being expressed in a ring around the blastopore (Isaacs tion and gastrulation movements can be completely inhib-
ited (LaBonne, 1996). An argument for the involvement ofet al., 1992), it seemed possible that some or all of this MAP
kinase activity may be XeFGF dependent. If this were the XeFGF in gastrulation movements has been made pre-
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viously (Isaacs et al., 1994). As MAP kinase is an obligate tyrosine-phosphorylated form of MAP kinase is present in
embryos. This would suggest that one mechanism of MAPcomponent of FGFR signaling during gastrulation, and as it
is known to have cytoskeletal substrates which could medi- kinase regulation utilized during embryonic development
may involve removal of the regulatory threonine phosphate.ate changes in cell shape and motility, MAP kinase may
mediate any role FGFR signaling plays in gastrulation A protein phosphatase capable of removing this phosphate
is present in early embryos. (Alessi et al., 1995).movements. Consistent with this, downregulation of MAP
kinase activity by overexpression of a MAP kinase phospha-
tase, MKP-1, causes gastrulation defects indistinguishable
Dissection and MAP Kinase Activationfrom those caused by overexpression of a dominant inhibi-
tory FGF receptor (LaBonne et al., 1995). The dramatic increase in MAP kinase activity noted fol-
lowing embryonic wounding indicates that this pathwayAt blastula stages, MAP kinase activity is found in all
three germ layers and activity is lowest in the animal pole. has the capacity to be activated to much higher levels than
are actually observed endogenously. As this increase occursThe detection of MAP kinase activity in animal pole cells
reinforces the idea that FGF signaling may be acting ``up- rapidly and can be inhibited by overexpression of a domi-
nant inhibitory FGF receptor, a likely explanation for thisstream'' of activin and similar mesoderm inducers in animal
cap assays. The MAP kinase activity detected in unstimu- phenomenon is that total levels of endogenous FGFR-ligand
are signi®cantly higher than the amount being actively se-lated animal caps may be the target of the dominant inhibi-
tory FGF receptor in experiments where immediate early creted, and that cellular damage permits release of a portion
of this excess ligand. This suggests that in Xenopus the FGFtranscriptional responses to activin such as Xbra expression
are inhibited (LaBonne and Whitman, 1994; Cornell and pathway is regulated, at least in part, at the level of ligand
secretion. One member of the FGF family present in earlyKimelman, 1994; LaBonne et al., 1995). It remains possible
that the basal FGFR activity noted in unstimulated animal embryos, bFGF, lacks a signal sequence (Kimelman et al.,
1988) and as such is not ef®ciently released from cells whichcaps is supplemented by a slow activin-mediated pretran-
scriptional release of sequestered FGF, and it is this increase express it. Novel mechanisms of bFGF release are thought
to exist (Mason, 1994) and might be active during earlythat is required for mesoderm induction. An activin-depen-
dent increase in MAP kinase activity prior to the activation Xenopus development. Wounding of embryos may allow for
a massive and unregulated release of this ligand from cells,of immediate early gene expression has not been observed
(LaBonne and Whitman, 1994; Graves et al., 1994; Hartley resulting in a subsequent burst of MAP kinase activity. This
increase in activity is lowest in animal caps and no meso-et al., 1994). However, overexpression of activin mRNA can
lead to increased levels of endogenous MAP kinase activity derm is induced when small animal caps are explanted.
Additional wounding can result in expression of Xbra, aat blastula stages, possibly due to increased levels of eFGF
expression associated with activin mediated mesoderm in- marker of immediate early mesodermal responses, possibly
by increasing the amount of FGF released (Fig. 4B). Effectsduction (Fig. 1D).
of embryonic dissection on cell fate have been previously
noted. For example, it has been found that dorsal inductive
Tyrosine Phosphorylation vs Activity of MAP potency can be activated in latero- and ventro-vegetal blas-
Kinase tomeres from early cleavage stage embryos by operative pro-
cedures (Dale and Slack, 1987). Similarly, in his experi-Using immune complex kinase assays, MAP kinase activ-
ity in marginal zones and vegetal bottoms is found to be ments on the vegetalizing action of lithium, Nieuwkoop
noted that lithium's effects were more dramatic on dis-several-fold higher than the activity present in animal caps.
This differs from what had been observed previously by sected embryos than on those treated intact (Nieuwkoop,
1970). Such experiments highlight the importance of usingmeasuring tyrosine phosphorylation of MAP kinase in these
regions (LaBonne et al., 1995). It is possible that the immu- noninvasive experimental techniques where possible to
con®rm ®ndings based largely on surgical methods. Recentnoprecipitation/Western blotting procedure which was used
to measure tyrosine phosphorylation is not linear enough advances in transgenic and antisense technologies should
facilitate these endeavors.to detect these differences. Alternatively, tyrosine phos-
phorylated MAP kinase may not be an accurate predictor of
MAP kinase activation in this system. MAP kinase requires
Role of Endogenous FGF-Dependent MAP Kinasephosphorylation on both tyrosine and threonine in order to
Activation in Early Patterningbe active (reviewed in Blenis, 1993). MEK, also known as
MAP kinase kinase, is a dual speci®city kinase which can Endogenous MAP kinase activity measured under condi-
tions where wound-dependent inductions are negligible alsophosphorylate both of these sites (Kyriakis et al., 1992),
while dual speci®city phosphatases such as MKP-1 inacti- appear to be FGF receptor dependent. Contrary to previous
models (Cornell et al., 1995), FGF signaling is found to bevate MAP kinase by dephosphorylating both of these sites
(Sun et al., 1993). If either site is dephosphorylated indepen- relatively high within the prospective endoderm. Consis-
tent with this, it has been reported that expression of adently, however, the kinase is rendered inactive (Sarcevic et
al., 1993; Alessi et al., 1995). It is possible that an inactive, marker of dorsal endoderm, XLHbox8, can be inhibited in
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cells overexpressing a dominant inhibitory FGF receptor sion, in all three germ layers indicates that some level of
FGF signaling is ubiquitously required for patterning(Henry et al., 1996) although this has not been observed
by all groups (Gamer and Wright, 1995). Expression of this throughout the early embryo. FGF-dependent MAP kinase
activity is found to be lower in animal pole regions than inmarker is also inhibited when levels of FGF signaling are
increased following treatment with exogenous FGF, how- the vegetal pole or marginal zone, however, and this spatial
difference may play an important role in cell fate decisions.ever, and are restored by concurrent treatment with activin
(Gamer and Wright, 1995). Similarly, we have found that For example, maintaining lower FGF signaling levels at the
animal pole might help prevent mesodermal gene expres-the v-ras-induced increase in Xbra expression in explanted
vegetal bottoms is decreased by coinjection with bVg-1 (La- sion in this region of the embryo. FGF signaling is also
thought to be important for maintenance of mesodermalBonne and Whitman, unpublished). This suggests a model
in which relative levels of FGF and TGF-b-like signals may gene expression and may be part of a process through which
cell±cell communication translates an initially stochasticbe important for determining embryonic fate. Levels of
other growth factors are likely to play instructive roles as cellular response into a coherent patterning of the mesoder-
mal mantle (Wilson and Melton, 1994; Green et al., 1994)well. For example, Nieuwkoop found that treatment of pro-
spective mesoderm with lithium could cause it to adopt an and, indeed, all three germ layers. In addition, the dynamic
spatial localization of FGF signaling during gastrula stagesendodermal fate (Nieuwkoop, 1970). As lithium is thought
to mimic a wnt-like signaling pathway (Christian and suggests that this pathway may also play a required role
in the complex movements which underlie gastrulation.Moon, 1992), it is possible that a member of the wnt family
is involved in endoderm speci®cation endogenously. Xwnt- Clearly there is still much work to be done before the role
of FGF signaling during early Xenopus development is com-11, whose maternal message is vegetally localized, is an
obvious candidate for such a factor (Ku and Melton, 1993). pletely understood.
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